Abstract: In this paper, a nonpolarization reflector constructed by a multilayered 1-D grating structure with a multisubpart profile is proposed and fabricated. Rigorous coupledwave analysis for multilayered grating structure is adopted to theoretically investigate the properties of the structure. In addition, experimental verification of theoretical investigation is accomplished. It is shown that in both TE and TM polarized waves, the reflector experimentally demonstrates a wideband reflection spectrum from 1.65 to 1.72 m, very high reflectivity ðR > 97%Þ, and good angular insensitivity of about 24.6 . Moreover, a reasonably good tolerance of fabrication error is also presented by numerical analysis of device performance degeneration resulting from parameter deviations.
Introduction
Broadband reflectors with high reflectivity are key components for numerous optical devices, which are widely used in couplers [1] , photo-detectors [2] , lasers [3] , and sensing [4] . Traditionally, metallic and dielectric reflectors [5] , [6] are the most commonly used in practical applications. However, metal mirrors reflection bandwidths are largely determined by the absorption loss of metal, and dielectric reflectors consisting of stacks of homogenous layers are difficult to achieve high reflectivity by deposition process [7] . Recently, an alternative approach, based on the leaky mode resonance (LMR) effect of dielectric grating [8] , has attracted increasing interest. Theoretical analysis shows that the reflection or transmission spectra can offer unique characteristics when the diffracted orders of gratings couple with the leaky modes supported by the equivalent waveguide structures [9] . Based on the principle, Lee [10] and Khaleque et al. [11] had reported the broadband reflectors realized by a single layer subwavelength grating. Wu et al. [12] reported a leaky-mode resonant grating absorber, which exhibits optical absorbance of $66% in the 300-750 nm wavelength band. To emphasize the unique characteristics introduced by multi-subpart profiles, Ding and Magnusson presented LMR-based elements exhibiting versatile spectral attributes, such as broadband reflection, that can be implemented by using a grating with four-subpart profile [13] . According to the concept, we have utilized multi-subpart profile gratings to form reflectors with broadband reflection spectrum, high reflectivity, and large angular bandwidth [14] .
Unfortunately, owing to the inherent polarization sensitivity, the performance of the above reflector largely depends on the light polarization, which limits their applications in light demultiplexing [15] , unpolarized laser, and so on. Previously, to overcome the above limitation, Ding and Magnusson reported a polarization-independent bandstop filter with a 20 nm bandwidth [16] . Shokooh-Saremi et al. proposed that periodic with single-layer and multilevel can provide about 50/50 nonpolarizing beam splitter under oblique and normal incidence [17] . Wang et al. theoretically presented a wideband two-layer grating with low polarization dependence [18] . Wu et al. theoretically demonstrated a multilayered configuration broadband polarization insensitive grating reflector [19] .
Owing to the advantages of high refractive index contrast between the silicon core and oxide cladding and the compatibility with the complementary metal-oxide-semiconductor (CMOS) fabrication technology [20] , [21] , silicon nanophotonic devices are now being regarded as promising candidates for low-cost, high-density integration. In this study, with the combined merits of high index contrast and resonant gratings and on our previous theoretical works, a silicon-on-insulator (SOI)-based wideband reflector utilizing a multilayer-based 1-D grating structure with multisubpart profile is proposed and demonstrated. It is shown that the proposed reflector can experimentally offer combined merits of high reflectivity over a broadband spectrum and good angular bandwidth for both TE (electric field parallel to the grating grooves) and TM (magnetic field vector parallel to the grating grooves) polarized waves. Effects of deviation from the optimized parameters on the performance of the reflector are also presented in this paper.
Structure Design and Results
The proposed device consists of multilayered structure with a thin six subparts surface-relief grating on the top silicon layer, as illustrated in Fig. 1 . The structure is normally illuminated from the top side with light having TE and TM polarized components and then highly reflected in the zeroth-order. In this study, for simplicity, it is assumed that the reflector is transversely infinite and that the dielectric materials are lossless and dispersion free in our calculation. A computer code based on rigorous coupled-wave analysis (RCWA) [22] - [24] for multilayered grating structures is adopted to design and optimize the device. RCWA is a well-known rigorous method for solving diffraction problems involving optical periodic structures. For the structure, the parameters to be optimized are grating transition points ðx 1 ; x 2 ; x 3 ; x 4 ; x 5 Þ, thickness ðt g Þ, period ðÃÞ, and thickness of middle layer ðt m Þ. The angle of incidence ( is measured with respect to the grating Fig. 1 . Schematic diagram of the multilayered non-polarization reflector under normal incidence. Ã, t g , and x 1 to x 5 are grating period, thickness, and transition points, respectively. t m and t b represent thickness of the middle layer and the buffer layer. I, R, and T denote the incident wave, reflectance, and transmittance, respectively. The incidence medium is air, and the substrate is silicon. The refractive indices are n air ¼ 1:0, n Si ¼ 3:48, and n silica ¼ 1:47, respectively. To fabricate the reflector, a silicon dioxide layer and a poly-silicon layer are sequentially deposited on bare silicon surface by low pressure chemical vapor deposition (LPCVD). Then, the pattern of intended grating profile is defined in positive photoresist by electron beam lithography (EBL) and following an inductive-coupled plasma (ICP) dry etching process is used to transfer the defined pattern to the poly-silicon. Finally, the structure is completed after the removal of residual photoresist. The optical measurement setup is shown in Fig. 3 . An unpolarized broadband light source based on fiber laser architecture is used. The light output from the single mode fiber is collimated by an objective lens and then polarized by a polarizer, finally focused onto the sample by a focusing lens. The reflected light from the sample is collimated again, directed by the beam splitter and coupled into a single mode fiber connected to an optical spectrum analyzer (OSA).
A silver-coated mirror (rated U 98:5% reflectivity from 1.1 to 20 m) is used as a reference, and the absolute reflectivity of the reflector is deduced from the silver-coated mirror reflectivity. Fig. 4(a) shows the theoretical and experimental reflectance spectra of the reflector for both TE and TM polarizations under normal incidence. As can be seen, the proposed device has flat TE stopband from 1.54 to 1.84 m with reflectance R > 0:99 theoretically, while R > 0:97 from Two transmittance dip exists inside the reflection band as depicted on a logarithmic scale in Fig. 4(b) , which corresponds to a leaky-mode resonance (LMR) [25] . Since 100% reflection is associated with LMR, which means that the broad band high reflectivity results from co-existence and interaction of the TE and TM leaky modes. As also displayed in Fig. 4(b) , inside the wavelength range of interest ð1:62 $ 1:76 mÞ, the simultaneous co-existence and interaction of leaky modes of both TE and TM polarized waves result in the non-polarization properties of the reflector.
Physically, the origins of the broadband reflection are resulting from the high refractive index difference among materials and profile modulation of the top grating layer. Firstly, the high-indexcontrast grating layer can expand resonances and eventually lead to the formation of broadband reflectance spectra [8] . Secondly, the multi-subpart profile of the top grating layer can work to remove the leaky modes degeneracy of the grating and permit interaction of the resulting leaky modes [13] , which greatly increases the possibility of a flat reflection band formation. In addition, the high-index middle layer and grating together function simultaneously as the waveguide, which can strengthen the mode confinements and provide a broad line width [26] . Fig. 5 illustrates the theoretical and experimental angular spectrum response of the fabricated non-polarization reflector at the wavelength of 1.68 m for both TE-and TM-polarized waves. Vol. 7, No. 4, August 2015
As presented in Fig. 5(a) , for TE polarization, over 99% reflection can be obtained at incident angles ranging from À16 to 16 theoretically. The experimental performance of the fabricated device shows R > 97% ranging from À13:8 G G þ 14 , and for the TM case, as given in Fig. 5  (b) , the reflector can theoretically achieve high reflectivity over 99% at the range of À14:8 $ 14:8 , and experimentally obtain high reflectivity ðR > 97%Þ from À12:2 to 12.4 . These larger angular tolerances are mainly due to the co-existence and interaction of leaky modes resulting from the high-index-contrast materials and modulation profile of grating, which can provide broadband reflection with high reflectivity at wide angular bandwidth; thus, the structure has a wide angular spectrum at the wavelength of 1.68 m.
Numerical Verification
In this section, to justify the strong agreement between simulated and experimental results, based on the observed average values obtained by SEM, we have numerically verified the reflector.
To illustrate the strong agreement between simulated and experimental results, based on the observed results obtained by SEM, we have calculated the reflection band by RCWA, labeled as "Observed curve" in Fig. 6 . For comparison, the theoretically optimized results labeled as "Theoretical curve" and real tested results labeled as "Experimental curve" are also plotted in the same figure. As displayed, a strong agreement between the observed results and the theoretical values is achieved. And it is well verified by the experimental curve. All the trends are the same for both TE and TM polarizations. The difference between the observed and the experimental results is manly from the scattering and absorption of the surface of the grating wafer and the small variations in effective refraction index of materials, since the loss and variations are not taken into account in our calculation.
The numerical verification above leads us to conclude that the proposed reflector has a reasonably good fabrication tolerance, which provides a favorable advantage in the fabrication process.
Conclusion
In summary, we have proposed and actually fabricated a non-polarization reflector based on a multilayered grating structure with multi-subpart profile, which possesses broadband reflection spectrum, high reflectivity, and large angular bandwidth. The combined merit mainly results from the properly configured multi-subpart profile and high-index contrast grating layer in the device structure. In addition, as presented, the proposed device shows a reasonably good tolerance of fabrication error. The non-polarization reflector can be potentially used in the areas of tunable devices, unpolarized lasers, fiber-based systems where the input polarization state is unknown, and so on. 
